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ABSTRACT
A high voltage composite insulator showed severe degradation and failure of the
silicone elastomer sheds following service in a sub-station environment. Sensitive
analytical techniques were used to investigate the extent of degradation of the sili-
( )cone elastomer SiE . The polymer content of some surface regions decreased as
degradation increased. This was quantified through observation by scanning elec-
( )tron microscopy SEM , weight loss upon heating using thermogravimetric analy-
( )sis TGA , determination of surface ‘‘silica’’ levels in damaged areas by X-ray pho-
( )toelectron spectroscopy XPS and Raman mapping through a cross-section of the
elastomer producing a degradation depth profile. It is believed that due to the en-
vironmental conditions at the site of installation, the electric field may have reached
corona onset threshold on parts of the elastomer surface. Because of the moist con-
ditions the corona was maintained, effectively preventing the elastomer from re-
gaining hydrophobicity and leading in time to severe degradation. This investiga-
tion has also identified techniques applicable to the assessment of condition of
other, less damaged SiE insulators which may in turn lead to the prediction of the
remaining useful lifetime.
Index Terms — Degradation, silicone rubber insulator, condition assessment.
1 INTRODUCTION
Ž .ILICONE elastomers SiE are widely usedS as the protective outer layer of outdoor high voltage
transmission insulators due to their inherent UV stability
w xand unique hydrophobic properties 1 . However, in field
service, degradation due to environmental stress and elec-
trical and thermal activities may induce changes to their
electrical and mechanical properties which can lead to
w xcatastrophic and unpredicted failure 2 . In extreme cases,
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degradation involving failure of the fibreglass core due to
stress corrosion following the ingress of water has been
observed by us. This has arisen from the failure of the
outer elastomeric layer or shed material to maintain its
integrity. This may arise from cracking of the elastomer
due to environmental degradation or puncture during an
electrical event such as flashover. While a high level of
visual degradation of the elastomer may be associated with
the end of the useful life of the insulator this is not always
so and it is highly desirable to be able to monitor the ex-
tent of degradation of in-service SiE insulators and to be
able to predict remaining service life prior to the onset of
the catastrophic failure regime.
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Flashover is considered to be more likely when the elas-
tomer has lost its hydrophobicity and a continuous film of
water may form along the insulator length. The loss of
hydrophobicity from silicone elastomers when used in high
voltage applications has been considered to arise either
Ž .from environmental degradation heat and UV radiation
w xor corona discharge events 3 around the insulator where
w xthe electric field is highest 4 . The effect of corona, ther-
mal and UV exposure on a silicone elastomer is to pro-
duce a layer of degradation products on the surface.
It has been found that the particular mechanism of
degradation of silicone elastomer depends upon the pre-
w xvailing environmental conditions 5 . Generally, the
degradation products belong to two categories: silica-like
material and low molecular weight volatile products. Sil-
Ž .ica-like refers to a structure where the silicon Si atom is
Žbonded to more than 2 oxygen atoms. In silicone rub-
bers, the Si atom is bound to one or two oxygen atoms
whereas in silica, the Si atom is bound to four oxygen
.atoms. There is good evidence that silica-like degradation
products are produced on the surface of the rubber dur-
ing electrical activities such as corona, dry-band arcing, or
w xoxidative plasma 6, 7 . Volatile products are produced
w xduring thermal degradation 3, 8 . Hydrophobic recovery
depends upon the relative magnitude of the migration of
Ž .low molecular weight silicone LMWS species to cover
the hydrophilic surface compared to the rate of formation
Ž .of the hydrophilic silica-like species.
Thus, analysis of the degradation products can indicate
the cause of the deterioration. However, several things
are required before such an analysis system can be put in
place. Firstly, there is a need to be able to pick the cor-
rect parameters to monitor for degradation and secondly
it is necessary to develop appropriate quantitative analysis
techniques. To date a number of methods have been re-
ported as applicable to the analysis of SiE. These include
w xFourier transform infra-red spectroscopy FTIR 9, 10 , in-
Ž . w xfrared emission spectroscopy IES 11 , X-ray photoelec-
Ž . w xtron spectroscopy XPS 12, 6 , mass spectrometry
Ž . w xMALDI-MS 11, 13 , thermogravimetric analysis coupled
Ž . w xwith mass spectrometry TGA-MS 14 and scanning elec-
Ž .tron microscopy SEM .
FTIR spectra of the elastomer samples have mainly
been used to detect bands related to the silicone and filler
which provide information on the change in silicone and
filler content. Most published work has used an Attenu-
Ž .ated Total Reflectance ATR accessory to collect the
FTIR spectra of the SiE due to its easy sample prepara-
tion. The dehydration of the ATH filler was character-
ized by the decrease of the O-H stretching from 3200-3700
y1 w xcm 3 . The hydroxyl groups formed from the oxidation
of the methyl groups of silicone also gave bands in that
w xregion 15 . After degradation, changes have been ob-
Žserved in the silicon-oxygen-silicon bonds which occur in
y1 .the 1000-1130 cm region of the spectrum . These
changes indicate the formation of two or three-dimen-
sional Si-O bonds. However, due to the overlapping of the
bands in this region, quantitative analysis of the three-di-
mensional Si-O is difficult. The absorptions resulting from
Ž y1. ŽC-H bonds at 2960 cm and Si-CH bonds at 12603
y1.cm decrease when the CH functional groups in the3
silicone backbone are consumed. In some cases, the for-
Ž .mation of carbonyl groups CsO bonds was also found
w xin the degraded elastomer 16 . However, only qualitative
information about the extent of degradation can be ob-
tained from ATR IR spectra. Comparison with the spec-
trum of virgin material is generally required to give mean-
ingful information. If a satisfactory IR spectrum can be
obtained using other FTIR techniques, silicone band in-
Ž y1.tensity usually 1260 cm can be ratioed against filler
Ž y1.ATH band 32003700 cm providing quantitative in-
formation about the relative polymer and filler content
and thus the extent of degradation.
Raman spectroscopy will give bands at the same fre-
quencies as IR spectroscopy but with different intensities
due to the different selection rules. Furthermore, com-
pared to IR spectra, Raman microscopy offers higher res-
olution mapping of the distribution of degradation prod-
ucts through the thickness of the SiE sheds of the insula-
tors. This technique was used in this study and detailed
discussion is given below.
XPS is a very useful surface sensitive technique for the
w xassessment of SiE degradation 7 . It involves rastering
the surface to be studied with monochromatic X-rays
which in turn eject electrons from the surface. The en-
ergy of these electrons is characteristic of the element from
which it comes and varies slightly depending upon the
bonding to adjacent elements. Changes in chemical com-
position with degradation can be obtained and quantified.
More details about the technique will be described later.
IES was used mainly due to its ability to analyze small
amounts of sample. Through mathematical treatment of
the spectra, the band related to the linear silicone can be
isolated from the cyclic silicone bands, thus, linear to cyclic
silicone ratio can be obtained. While Matrix Assisted
Laser Desorption Ionization Time of Flight Mass Spec-
Ž .troscopy MALDI-MS is a soft ionization technique which
permits whole molecules to be analyzed giving informa-
tion about the structure and distribution of low molecular
weight silicone in the elastomer extracts, it is expensive
and is not practical for routine assessment.
TGA can be used to determine filler content by mea-
suring the weight loss of a small piece of elastomer sam-
ple as the temperature increases. The dehydration of the
filler ATH and the decomposition of the silicone back-
bone occur at different temperatures. The filler and poly-
mer content can be estimated according to the weight loss
values at different steps. By analyzing the evolved gas
with mass spectrometry, detailed information about the
decomposition products can be obtained. TGA has been
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applied to the investigation of tracking and erosion of
HTV SiE and suppression mechanism with different ATH
w xlevels 14 .
An important further requirement to the lifetime as-
sessment of these materials is the need to gather SiE sam-
ples from HV insulators with different extents of degrada-
tion so the correct parameters to monitor may be chosen.
The majority of the published reports have used acceler-
ated aging to obtain results in a reasonable time due to
the very stable nature of the elastomer material. There
w xare also reports about field-degraded elastomers 3, 17 .
However, the extent of degradation reported from all these
studies was modest and a complete picture of the degra-
dation cannot be obtained. What was really required to
develop useful diagnostic tools is a much broader range of
degradation.
Recently, a severely field degraded SiE insulator be-
came available and was examined using some of the tech-
niques noted above. This paper presents the results of
this investigation and comments on the usefulness of such
techniques in the evaluation of elastomer condition.
2 EXPERIMENTAL
2.1 SAMPLE COLLECTION
The insulator under investigation had been manufac-
tured with weather sheds of high temperature vulcanized
silicone elastomer. It was installed in a semi-enclosed
building located very close to the sea in a temperate area
in the southern hemisphere1. Visual inspection of the in-
sulator showed that the extent of degradation varied along
its length. Three samples which varied in their extent of
Ždegradation were taken from different weather sheds or
.remains of a weather shed in the case of Sample C as
shown in Figure 1. Sample A, which appeared to have the
least amount of damage came from a shed where the sur-
face was smooth; Sample B was from an area where fine
cracks were observed on the shed surface and Sample C
was from an area where the surface of the rubber was
completely destroyed and in the form of whitish powder.
Sample D was from a virgin elastomer sample from an
identical, unused insulator.
2.2 SEM
Sample surfaces were examined using a JEOL JSM 35
Ž .CF scanning electron microscope SEM at 15 kV. Sam-
ples were gold coated prior to examination.
2.3 X-RAY PHOTOELECTRON
( )SPECTROSCOPY XPS
XPS analysis was undertaken with a PHI model 560
XPSrSAMrSIMS multi-technique surface analysis system.
The anode generating monochromatic Mg K radiation
1Transpower New Zealand.
Figure 1. Field degraded HTV silicone rubber insulator showing
from where samples A, B and C were taken.
was operated at 15 kV. The pressure in the sample cham-
Ž . y6ber was 1  5 x 10 Pa. Survey spectra were recorded
at 100 eV pass energy and the high-resolution spectra of
Ž .the silicon Si 2p peak at 25 eV pass energy. The spectra
Ž .were referenced to the carbon C 1s band with a binding
energy of 284.4 eV. The Si band was curve fitted to two
Ž .bands: one at 101.80.1eV silicone and the other at
Ž . Ž .103.40.1eV silica . The Si silica content was calcu-
lated by taking a ratio of the band area at 103.4eV to the
total Si area.
2.4 RAMAN SPECTROSCOPY
A Renishaw Raman Microscope, System 1000 with a
cooled CCD detector and an Olympus BH2-UMA micro-
scope was used to collect the Raman spectra. This system
used a Spectra Physics 633.2 nm Helium Neon laser
Ž .Model 127 which delivered 8 mW to the sample. The
laser was always used in un-attenuated mode and was fo-
cused using a 50x objective, giving a spatial resolution of
approximately one micron. The diffraction grating was
calibrated against the Si-Si stretch from a silicon wafer at
520.1 cmy1. When spectral mapping was performed, the
sample was mounted on a computerized XY transla-
tional mapping stage. Spectra along a linear direction or
over an area were obtained at intervals of one micron or
greater. Sample cross-sections obtained by fracturing thin
samples in liquid nitrogen or cutting of elastomer sheds
also were examined.
2.5 THERMOGRAVAMETRIC
ANALYSIS-MASS SPECTROSCOPY
Ž .TGAMS including Evolved Gas Analysis EGA was
conducted on a TA Instruments TGA Q500 analyzer con-
Žnected to a Balzers Instruments Pfeiffer, QMS 200
.Prisma quadrupole mass spectrometer through a 3.2mm
diameter transfer line, heated to 180 C. Nitrogen was used
as the purging gas and the flow rate was controlled pre-
cisely to 80 cm3 miny1. For each run, the elastomer sam-
ple was cut into small pieces and loaded onto a platinum
sample pan which was programmed to 900 C at a heating
rate of 5 C miny1.
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3 RESULTS AND DISCUSSION
3.1 EROSION OBSERVATION THROUGH
SEM
Visual inspection of samples B and C prior to analysis
revealed both cracks and fine lines on their surfaces which
were covered with varying amounts of whitish powder.
Neither cracks nor significant levels of white powder were
seen on the smooth surface of sample.
To investigate in more detail the topography of the
samples, A, B and C were examined by SEM as well as
the surface of the virgin sample D for comparison. It can
be seen from Figure 2a that the surface of this sample was
uniformly smooth and lacked detail. The manufacturing
process tends to bring a layer of polymer to the surface
effectively hiding the filler particles underneath. Figure
2b shows the surface of sample A where erosion of poly-
mer can be clearly seen. Figure 2c shows part of sample
Ž .B an area where there was no white powder where poly-
mer matrix has been significantly reduced and degraded,
leaving fibrils of polymer connecting filler particles. The
powder on B and that on sample C produced images simi-
lar to that seen in Figure 2d where almost no polymer
matrix is visible - the surface has effectively been etched
of silicone polymer. SEM imaging can, therefore, provide
a qualitative estimate of both the type and extent of the
degradation.
3.2 CHANGE OF ATOMIC RATIOS OF
DIFFERENT ELEMENTS DETERMINED BY
XPS
As mentioned in the introduction, one of the main
degradation products of SiE is silica or a silica-like mate-
rial with three or more oxygen atoms bound to the silicon.
Fortunately, the silicon in silica and in silicone can be dis-
tinguished in XPS spectra because of their slightly differ-
Žent binding energies of the ejected electrons silicon in
.silica is 103.4 eV and in silicone is 101.8 eV . The broad
Si band obtained from samples A to C can be curve fitted
and the silica content calculated. Figure 3 shows the fit-
ting results for a silicone elastomer similar to degraded
samples compared to a near-virgin elastomer. It can be
Žseen that the damaged material has a broad peak ap-
.proximately 30% silica material on its surface compared
to the virgin material.
Ž .The silica fractions and the carbon to silicon CrSi and
Ž .oxygen to silicon OrSi ratios for the four samples are
Ž .Figure 2. SEM images of virgin and damaged insulators. a, virgin surface - the crack is an artifact due to beam damage from the microscope ;
b, surface of sample A; c, surface of B; d, surface of sample C.
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Figure 3. Curve fitting of Si band in XPS spectra from surface sliv-
ers of silicone elastomers. a, virgin material; b, from an aged elas-
Žtomer having approximately 30% silica. Please note: the Binding en-
.ergy has not been corrected for charging of approximately 3.7eV .
ŽTable 1. Silica fraction for degraded samples A, B and C D is
.virgin material .
Sample A B C D
Ž . Ž .Si silica rSi total 9.1 17.0 32.0 0
CrSi atomic ratio 2.23 2.08 1.71 2.21
OrSi atomic ratio 1.31 1.51 3.46 1.07
given in Table 1. These show that the level of the silica
present on the surface is a very sensitive indicator for the
w xextent of degradation 3, 7 . For a virgin sample, silica
content is 0% as would be expected but for the degraded
samples, the silica content increased from 0 to 32%. There
was a decrease in the CrSi atomic ratio from Sample D at
Ž .2.2 to Sample C at 1.7 theoretical value is 2 and an in-
Žcrease in the OrSi ratio from 1.1 to 3.5 theoretical value
.is 1 . The exposure of the ATH due to erosion of the
polymer in these samples may also contribute to the in-
crease of the OrSi ratio.
The XPS survey spectrum of the surface of Sample C
revealed the presence of oxygen, carbon, silicon, alu-
Ž .minium and very small amount of nitrogen as the oxide .
These were quantitated by multiplexing for these ele-
ments and the results are given in Table 2. The presence
of nitrogen suggests some high-energy discharges had oc-
curred at the surface. There was no nitrogen in the bulk
Ž .inside away from the surface of the samples.
Table 2. Atomic fraction of each element in different parts of
Ž .sample C XPS data .
Surface layer Bulk
Ž . Ž . Ž . Ž .Element Percentage % Ratio to Si Percentage % Ratio to Si
C 25.7 1.7 47.2 2.1
O 49.7 3.5 28.5 1.3
Ž .Si total 14.1 1 21.9 1
Al 9.9 0.7 2.3 0.1
N 0.6 0.04 0.0 0.0
With XPS the maximum depth analyzed is no more than
5nm or approximately 3050 atomic layers. On a virgin
Želastomer surface or with lightly degraded elastomers
.which retain a smooth surface , any ATH present will be
covered by a thin layer of silicone due to the migration of
Ž .the low molecular weight silicone LMWS . This means
that often no aluminum is detected. In this study, alu-
minum levels of 9.9 0.1% were detected on the surface.
Ž .This value is much higher than seen in virgin samples 0%
and the aluminum level determined in the cut surface of a
bulk sample, which varies from 1 to 3%. However, due to
the non-uniform particle size and the heterogeneous na-
ture of ATH, change in aluminum content alone cannot
be used as a quantitative measure of degradation but pro-
vides supplementary evidence that the polymer has de-
graded.
3.3 DEGRADATION PROFILE AND
DEPTH BY RAMAN MAPPING
Raman micro-spectroscopy has not previously been re-
ported for the study of SiE degradation. Raman mapping
has the advantage over FT-IR in that it gives higher spa-
tial resolution and thus allows better evaluation and dis-
tribution of the polymer to ATH ratio. A cross-section of
sample C was studied by this technique. Upon cutting, it
was found that the inner parts of the elastomer shed were
blue-grey and flexible, that is, much less damaged than
the upper and lower surfaces which were covered with a
white powder as mentioned previously.
Before undertaking the mapping, a Raman spectrum of
the surface of sample B was taken to identify the impor-
tant bands. This is shown in Figure 4. The bands due to
Ž y1. Žsilicone, 709, 490, and around 3000 cm and ATH 537,
y1. w x567, and around 3500 cm can be clearly seen 18 . To
study the changes in silicone and ATH concentrations
from the surface to the centre of the elastomer shed, lin-
ear mapping was conducted over the cross-section from
lower surface to the upper surface of sample C. Spectra
were taken in 100 microns intervals. Typical spectra cor-
Ž .responding to the centre position the bulk and at the
Figure 4. Raman spectrum of a specimen taken from the surface of
Ž .sample B showing presence of bands from hydrated alumina ATH
and silicone polymer.
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Ž .Figure 5. Raman spectra of surface layer solid line and bulk
Ž .dotted line from sample C.
Figure 6. The ratio of concentration of polymer to ATH along the
Ž .cross section of sample C beginning from the underside surface left
Ž .through to the top surface right .
surface of the elastomer are shown in Figure 5. It can be
seen that the silicone band intensities are higher in the
bulk and the ATH band intensities are higher on the sur-
face. A ratio of the 709 cmy1 band intensity was done
against the total intensity of bands 537 and 567 cm-1 to
Ž .give the silicone polymer to ATH ratio. The result is
plotted in Figure 6. The polymer concentration in the
surface layer is very low and this concentration increased
with the distance from the surface. From the map it was
estimated that there has been significant loss of polymer
for a depth of 200 microns in from the lower surface and
about 900 microns deep from the upper surface. These
values quantify what was seen from the visual inspection
which showed different thickness of whitish powder on
both surfaces. The variation of the polymer concentration
in the bulk is believed due to the heterogeneous distribu-
tion of the ATH particles.
Table 3. Amount of LMWS extracted from samples A, B, C and
D.
Sample A B C D
Ž .LMWS % 1.29 2.63 1.21 1.26
The cross-section of the less damaged sample A was
also examined. In this case significant loss of polymer was
confined to the top 20m of the sample. This is also in
agreement with and quantifies the visual inspection that
showed a very thin layer of whitish powder on the surface
of this particular sample.
The bulk, middle section, in Sample C had the highest
ratio of silicone to ATH at 2.16. It can be assumed that
this will be similar to virgin material which is known to
Žhave close to 50% ATH by volume or ratio of silicone to
.ATH equal to 1.0 . From this it can be calculated that the
Ž . Žsurface in Sample C with lowest relative ratio 0.40 Fig-
.ure 6 is estimated to have a polymerrATH ratio of 0.185
or consists of 81.5% ATH.
3.4 LMWS CONCENTRATION
To analyse the LMWS concentration in different sam-
ples, 500 mg of each sample was extracted three times
with 10cm3 chloroform and the sample was then vacuum
dried. The LMWS concentration was calculated from the
weight difference before and after extraction. These val-
ues are listed in Table 3. The LMWS concentration in
and around the surface of the elastomer shed increased as
degradation proceeded. However, when degradation
passed a certain point, such as in sample C, the LMWS
concentration dropped. This is most likely a combination
of the break down of the cross-linked network and the
depolymerisation of the polymer chain forming volatile
w xcompounds 8 . It was reported that UV radiation, ele-
Ž .vated temperature 300 C and dry-band arcing decrease
mobile LMWS while corona discharge increases mobile
w xLMWS 16 .
3.5 TGA-MS ANALYSIS
Figure 7 shows the TGA curves of the samples A, B
and C. All samples gave two weight losses typical of sili-
cone elastomers and the values are listed in Table 4. The
first weight loss is mainly due to the dehydration of ATH.
This is confirmed by Figure 8 which shows the change in
Ž . Ž .intensity of a mass to charge ratio mrz of 18 water in
the evolved gas on heating sample A. Water started to be
detected when the weight loss began at just over 200 C.
It ended at the same time when the first weight loss fin-
ished. Evaporation of LMWS may also contribute to the
first weight loss. The TGA curve of LMWS extracted from
a silicone elastomer similar to that studied here shows that
weight loss began at just above 200 C and finished above
Ž .500 C with complete loss of the material Figure 9 . How-
ever, given the relatively low concentration of LMWS in
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Ž .Figure 7. Thermogravimetric Analysis TGA curves of degraded
Ž . Ž . Ž .samples A solid line , B dotted line and C dashed line showing
differences in mass loss upon heating.
Table 4. TGA weight loss of degraded silicone rubbers.
st nd. 1 weight loss 2 weight loss Total weight
Ž . Ž . Ž .Sample % % loss %
A 18.2 32.3 50.5
B 20.5 26.8 47.3
C 25.0 10.8 35.8
ATH 27.5 7.0 34.5
Ž .Figure 8. Comparison of weight loss thick line and evolved water
Ž .thin line from the TGA of Sample A.
Sample A, its contribution to the first weight loss is proba-
Ž .bly not significant 1% . The second weight loss is
mainly due to the decomposition of silicone. It can be
seen from Figure 7 that the residual solid content, pre-
sumably ATH, increased from A to C as polymer content
decreased. This agrees well with the results from Raman
mapping but TGA will only provide an average value of
the particular piece of sampled analyzed whereas Raman
can provide a detailed distribution.
Other mrz values which could be expected from the de-
w xcomposition products 8 , were not detected in the evolved
gas except for mrz 15 which corresponds to the methyl
group ion CHq. The absence of the other decomposition3
Figure 9. TGA curve of extracted LMWS.
products may be due to the design of the particular in-
strument used. The gas from the TGA furnace is trans-
ported to the MS inlet through a capillary heated to 180
C. However, a short 80mm section joining the capillary
Žto the furnace is not heated although the carrier gas ni-
.trogen is and may lead to the condensation of the heavier
compounds at this point. Figure 10 shows the change in
mrz 15 intensity with temperature. Various levels of
methyl fraction were detected even during the first weight
Ž .loss. There were three peaks arrowed at temperatures
of 310 C, 450 C and 630670 C. This could indicate
that there are at least two different silicone structures ex-
isting in the rubber. The first peak at 310 C corresponds
Žto the onset of maximum weight loss from LMWS Figure
.9 suggesting that the second peak at 450 C represents
the maximum rate of weight loss due to decomposition of
the cross-linked silicone elastomer. Third maximum at
630670 C may be linked to the formation of the silica
glass and may represent the final loss of carbon from the
network. For sample C, no significant level of methyl
groups was detected which implies negligible silicone con-
tent in the sample.
4 ASSESSMENT OF INSULATOR
CONDITION
The use of several different analysis methods enabled
quantification of the structural and chemical changes that
occurred during the degradation of this SiE insulator. On
some parts of the elastomer the degradation was so ex-
treme and severe that the shed simply had crumbled away
leaving only an outline in white powder while in other
Ž .regions damage was less severe Figure 1 . The reason for
this may be due to the variation in electric field along an
w xinsulator as described by Phillips et al. 4 . It is possible
that due to the environmental conditions the electric field
strength on and around the insulator reached the corona
onset threshold on parts of the elastomer surface. The
corona and associated heating effects rendered the sur-
face hydrophilic in those regions and because of the con-
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Ž .Figure 10. Comparison of weight loss thick line and evolved or-
q Ž .ganic material as CH in the mass spectrum thin line from the3
TGA of sample A.
tinuing moist conditions the electric field strength re-
mained high, maintaining the corona and effectively pre-
venting elastomer from regaining hydrophobicity. In time
this led to severe degradation of the elastomer. In this
extreme case, a qualitative estimation of the extent of
degradation can be made by visual inspection alone and
these can be examined in detail by SEM. For example,
cracks and pits can easily be observed on the surface. The
decrease in polymer content with degradation can be seen
in the SEM images by less polymer matrix being present.
The degradation depth profile for a severely degraded
SiE can be obtained by Raman mapping. The polymer to
Ž .filler ATH ratio information can also be obtained for
specific areas. As is expected, due to what must have
been extensive surface electrical and thermal activity, the
polymer surface experienced more severe degradation
than the inner material. Raman mapping permits degra-
dation thicknesses as low as a few microns to be detected
due to the high spatial resolution of the technique. TGA
analysis can provide valuable information on average
polymer content based on the total weight loss, ATH de-
hydration weight loss and the weight loss caused by the
decomposition of the remaining polymer materials.
XPS analysis of the atomic concentrations of different
elements on the surface of SiE can provide a quantitative
indication of the degree of degradation. In this case the
Ž .silica content vs. total Si was as high as 32%; the atomic
concentration ratio of CrSi ratio decreased to 1.71
whereas in PDMS it should be 2 and OrSi ratio increased
Ž .to 3.5 1 in PDMS . These figures represent the worst
Ž .case for degradation of SiE. Silica level versus total Si
and OrSi ratios are more sensitive to the degradation
changes.
While what is presented here is an exceptional and ex-
treme case, it has nevertheless been very useful in provid-
ing indicators for estimating the degree of degradation.
ŽOf these, the decrease in weight loss as determined by
. Ž .TGA and a quantification of ‘‘silica’’ content by XPS
have emerged as techniques applicable to the assessment
of condition of other, less damaged silicone elastomers.
SEM examination of a cross-section of the polymer as used
w xpreviously on EPDM elastomers 19 , is also most useful
and complements these techniques. Raman mapping,
while an extremely powerful tool, is time consuming and
expensive for routine work where a high throughput is re-
quired.
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